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The Twins Study Was Initiated Following A  
Question Posed By Astronaut Scott Kelly 1 
“This opportunity has emerged from NASA’s decision to fly veteran NASA astronaut Scott Kelly aboard the International Space Station (ISS) for a period 
of one year commencing in March 2015, while his identical twin brother, retired NASA astronaut Mark Kelly, remains on Earth. Scott Kelly, a veteran of 
two Space Shuttle flights as well as a six-month ISS mission, will have a cumulative duration of 540 days in low Earth orbit at the conclusion of the one-
year flight, while Mark Kelly, a veteran of four Space Shuttle flights, has a cumulative duration of 54 days ( 2 hours and 4 minutes) in low Earth orbit. 
This opportunity originated at the initiative of the twin astronauts themselves.“ 
a Upon his return to Earth on 3/1/2016 - Scott Kelly has now flown …. 520 days and 10 hours in space 
1 
“Studying the Kelly Twins Will Help Shape the Future of 
Space Exploration and Human Health Here on Earth”   
“There have been very few integrated 
omics studies where you look at the 
genome, transcriptome, proteome, 
metabolome and microbiome together, 
and nobody has ever done this kind of 
study with twins before.” 
Graham Scott, Ph.D. 
VP, Chief Scientist, and Institute Associate Director – NSBRI 
Associate Professor – Baylor College of Medicine’s Center for 
Space Medicine and Department of Molecular and Cellular 
Biology  
“I don’t think it’s an exaggeration to say 
that everything we learn about the 
human body, whether it’s in space or on 
the ground, benefits all of us here on 
Earth.” 
John Charles, Ph.D. 
Chief Scientist for NASA’s Human Research Program  http://www.tmcnews.org/2016/04/on-medicine-and-mars/ 
Twins Studies Help Scientifically Inform  
The “Nature Versus Nurture” Debate 
 
Are Differences Between People Due to Genetic or 
Environmental Factors … Or Both? 
1 
"Twins have a special claim upon our 
attention; it is, that their history affords 
means of distinguishing between the 
effects of tendencies received at birth, and 
those that were imposed by the special 
circumstances of their after lives.“ 
 
Sir Francis Galton, (1822 – 1911)             
19th century behavioral genetics pioneer 
Are Identical Twins Really Identical? 
1 
“Even identical twins 
brought up in similar 
environments 
won’t really be 
identical. They won’t 
have the same 
fingerprints. They’ll 
have different 
freckles and moles. 
Even complex traits 
such as intelligence 
and mental illness 
often vary between 
identical twins.” 
http://www.slate.com/articles/health_and
_science/science/2014/09/random_noise_i
n_biology_why_genetically_identical_twin
s_aren_t_identical.html 
The DNA of Identical Twins …  
Is Nearly Identical 1 
The DNA of identical twins is nearly 
identical but environmental conditions 
influence certain genetic factors.  
 
Environmental factors and external 
elements affect the switching on and off 
of genes in twins. This phenomenon is 
known as epigenetic modification.  
 
A survey conducted on twins of varying 
age groups revealed that the epigenetic 
differences increase with growing age.  
 
It also brought out the fact that twins who 
had spent their lives apart showed greater 
differences.  
Identical Twins Grow More 
Dissimilar With Age … 1 
Differences result from epigenetic 
processes that the DNA undergoes.  
 
One of the major epigenetic 
processes is methylation.  
 
It is a process by which the gene 
expression changes with ascending 
age.  
 
Due to this process, identical twins 
grow more and more dissimilar with 
growing age.  
Copy Number Variants, (CNV’s) 
CNV’s Explain The Majority of Human Variation 
1 
In certain cases, identical twins 
have different copy-number-
variations (CNVs).  
 
By this we mean that one of the 
identical twins can have a DNA 
segment missing, have multiple 
copies of the segment or may 
even have a different orientation 
of the genome.  
 
This explains the reason for 
dissimilarities between identical 
twins. 
1 
Identical Twins Differ in ~ 300 Locations               
(Loci) Out of ~ 3 Billion [A,C,G,T] Letters 
Li R, Montpetit A, Rousseau M, Wu SY, Greenwood CM, Spector TD, Pollak M, Polychronakos C, Richards 
JB. “Somatic point mutations occurring early in development: a monozygotic twin study.”  
J Med Genet. 2014 Jan; 51(1): 28-34. Epub 2013 Oct 11. 
1 
One Twin Can Be Affected By Multiple                      
Sclerosis – and One Twin May Be Unaffected  
1 
Between affected and unaffected twins, there 
were no reproducible differences in SNPs, 
other DNA changes, or gene expression levels. 
Nor did affected twins have distinct signs of 
viral infection. There were some differences in 
CpG methylation – a chemical tag at certain 
sites in DNA – between affected and 
unaffected twins, but none of those 
differences were observed in more than one 
twin pair. 
 
The researchers noticed surprising differences 
between twins, but no correlation to MS, in a 
trait called allelic imbalance. Most of our 
genes exist in two copies, or alleles. Allelic 
imbalance describes a common situation 
where one copy of a gene is expressed at 
higher levels than the other copy. 
 
“We found many instances where an allelic 
imbalance was larger in one twin than in the 
other, or where the imbalance was flipped 
between the two alleles,” said Dr. Baranzini. 
Those differences were unexpected and are 
likely to be of interest in future studies of 
twins, whether the focus is on MS or other 
diseases, he said. 
“Allelic Imbalance” Detected In Identical Twins 
Mom’s Gene Being Expressed More Than Dad’s – or Vice Versa  
In July 2013 - NASA & NSBRI Released The  
“Twins Study” Solicitation & Received 40 Proposals 
1 
“To capitalize on this unique 
opportunity, NASA’s Human 
Research Program (HRP) and the 
National Space Biomedical 
Research Institute (NSBRI) are 
initiating a pilot demonstration 
project focused on the use of 
integrated human -omic analyses 
to better understand the 
biomolecular responses to the 
physical, physiological, and 
environmental stressors associated 
with spaceflight.”  
http://www.nsbri.org/default/Funding/N
NJ13ZSA002N/HERO_Twins.pdf 
Goal: Perform Integrated Omics On Kelly Twins 
13 
Genomics Transcriptomics 
RNAomics 
Proteomics Metabolomics Microbiomics 
Exomics 
Epigenomics 
Transcriptomics 
~ 100,000 transcripts 
Genomics 
~ 30,000 genes 
Proteomics 
~ 1,000,000 proteins 
Metabolomics 
~ 1,000,000 metabolites 
What can happen 
What appears to be 
happening 
What makes it happen 
What has happened 
and is happening 
Biofluid Sampling Approach –  
For Scott and Mark Kelly 1 
Saliva 
Buccal Cheek Swab 
Blood 
Stool 
Proteins 
RNA 
Metagenome 
DNA 
Epigenome 
Metabolites 
NASA Funded 10 Research Proposals In 
Response to its “Twins” Solicitation 1 
http://www.nasa.gov/content/nasa-selects-10-proposals-to-explore-genetic-aspects-of-spaceflight/ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Twins Study – Research Locations                  
Distributed Across the U.S. (and Europe) 
1 
https://www.nasa.gov/twins-study/research-locations 
Overview of the “Twins” Study –  
By Dr. Craig Kundrot 
1 
http://www.youtube.com/watch?feature=player_embedded&v=cnM_ZVvZA_o 
1 
Content - Including “One Pagers” for the  
10 Twins Projects Is Posted Online 
http://www.nasa.gov/content/twins-study/ 
1 
Scott Kelly Has Now Been Back  
On Earth For Well Over 230 Days 
http://www.nasa.gov/content/twins-study/ 
Differential Effects on Telomeres and Telomerase in                                          
Twin Astronauts Associated With Spaceflight  
Specific Aims 
The rate at which telomeres shorten provides an informative 
biomarker of aging and  age-related pathologies (e.g., 
cardiovascular disease and cancer) that captures the interplay 
between genetics and lifestyle factors.  
We propose that for the astronauts telomere maintenance is 
particularly relevant, as it reflects the combined exposures (e.g., 
radiation) and experiences (nutritional, psychological and physical 
stressors) encountered during space travel. 
The Twins study provides the extraordinary opportunity to control 
variables of individual genetic differences, susceptibilities and 
lifestyle factors, making differential effects observed between the 
twins space-flight specific. 
Comparisons with unrelated astronauts (separate study), will allow 
evaluating role of genetics/individual susceptibilities. 
Implications of Research for Space & Earth 
Space:  This twins study will identify space-flight specific factors that 
influence telomere length and telomerase activity, informative biological 
indicators of aging and age-related degenerative diseases (e.g., 
cardiovascular disease and cancer).  Our mechanistic investigations will 
begin to establish relevant relationships and suggest potential mitigation 
strategies for future study and to improve astronaut overall health. 
 
 
 
Susan Bailey, Ph.D. 
Colorado State 
University 
Kerry George 
Wyle Labs/JSC 
Our goal is to assess changes in telomere length and telomerase 
activity associated with the upcoming yearlong ISS mission in the 
space- and earth-bound twin astronauts. 
We hypothesize that accelerated telomere shortening and 
elevated telomerase activity will be associated with space flight 
as compared to ground based control, in a duration and severity 
dependent manner. 
• Blood samples will be taken pre-flight (to establish baseline), 
in-flight (to evaluate short-term/temporary changes) and 
post-flight (to evaluate long-term/permanent changes) 
• Data sharing for other endpoints will also inform this effort  
• In vitro studies will investigate potential mechanisms (e.g., 
oxidative stress) and mitigation strategies (e.g., antioxidants) 
Telomere length will be assessed using TELO-FISH 
Florescence in situ Hybridization (FISH) with telomere probe on 
chromosomes (and interphase nuclei) is evaluated as Relative 
Fluorescence Intensity (RFI) distributions. 
 
Telomerase activity will be assessed using qRT-PCR TRAP 
quantitative Real Time-PCR Telomere Repeat Amplification Protocol  
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Earth:  Aging and age-related diseases like cardiovascular disease and 
cancer are an everyday concern on earth as well, therefore this study 
also seeks to make comparisons with unrelated astronauts (and controls) 
that will serve to identify individual susceptibility factors that influence 
telomere length and telomerase activity.  Taken together with our 
mechanistic studies, mitigation strategies will be improved and 
applicable to all. 
Scott Kelly: Vaccination In Space  
On September 24, 2015 
  
Scott Kelly – ISS for one year 
Mark Kelly – Earth control 
Telomere Length 
Bailey 
DNA Mutations 
Feinberg 
DNA Hydroxy-methylation 
Mason 
Chromatin 
Feinberg 
large/small RNA 
& RNA Methylation 
Mason 
Proteomics 
Lee/Rana 
Antibodies 
Mignot/Snyder 
Cytokines 
Mignot 
DNA Methylation 
Feinberg & Mason 
B-cells / T-cells 
Mignot 
Targeted and Global Metabolomics 
Lee/Rana, Mignot/Snyder & Smith 
Microbiome 
Turek 
Cognition 
Basner 
Vasculature 
Lee 
Specific Aims  
 
 
 
 
 
 
 
 
  
Implications of the Research for Space & Earth 
Space: 
 
 
 
Earth: 
 
 
 
Michael  
Snyder, Ph.D. 
Our main objective in the twin study is to perform a 
complete analysis of all biomedical and molecular data 
collected during the mission to produce the singular 
most comprehensive portrait of the human biophysical 
response to the rigors of spaceflight. We are at an 
unprecedented era in genomic medicine, allowing for 
the sensitive and precise measurement of billions of 
biochemical molecules, which will allow us to detect the 
subtlest of changes in Scott and Mark’s physiology over 
time. By integrating these data, we can follow 
alterations in their cellular systems to both better 
understand the effects of space travel on human health, 
and how an astronaut’s genome may contribute to 
his/her own unique physiologic response to 
microgravity. 
Integrative multi-omic model 
       We will generate a detailed benchmark 
for how human physiology changes in space in great 
molecular detail. This wealth of data will be essential for 
any future planning of long duration space exploration 
missions, and provide a proof-of-principle for better 
monitoring and managing astronaut health. 
Risk-o-gram 
Juliane 
Winkelmann, 
M.D. 
Integrated Omics 
      With this study, Scott and Mark Kelly will 
be the most thoroughly profiled twins in history, and the 
resultant data will offer new insights into how two siblings 
with nearly-identical genomes respond to different 
conditions. 
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The Twins Study Will Generate Two                          
Longitudinal Omics Analyses -                                                
Like the “Synderome”   
Mike Snyder 
The Twins Study Is Acting as a Pathfinder  
For NASA in Tackling Ethical Considerations 
Astronauts are in the Public Eye  and are “Stalked” Astronauts are Concerned about “Being Grounded” 
Astronauts are Employees Astronauts are Concerned about Their Families 
NSBRI also providing, Scientific (Omics) 
Expertise and Omics Lab Capabilities to 
Support the Twins Study. 
The Twins Study Investigators & Scientific Leadership   
NSBRI providing genetic medical counseling, 
to support the Twins Study. Genetic medical 
counseling has been performed, to date, by 
both John W. Belmont, M.D., Ph.D. (left) 
and Sharon Plon, M.D., Ph.D. (right).  
Both Twins Have Been (And Will Continue  
To Be) Provided With Genetic Counseling 
The Twins Study Has Captured the  
Imagination of “The Next Generation” 
1 
1 
Scott Kelly Driven Public Outreach:  
USA Photographed From Space  
http://www.usatoday.com/story/news/nation-now/2016/02/27/awe-inspiring-photos-from-scott-kellys-year-in-space/80979296/ 
As of 10/18/2016 Scott Kelly Has: 
• 2.01 M Twitter Followers 
• 2539 Tweets 
1 
Following His Year In Space ….. 
Scott Kelly Continues To Tweet Prolifically 
https://twitter.com/StationCDRKelly?ref_src=twsrc%5Etfw 
          To Explore DEEP Space and Return                               
Safely to Earth We Need Omics In Space as  
a Precursor to Personalized Countermeasures for Astronauts 
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Questions? 
1 
Appendices 
1 
Epigenomics 
Specific Aims 
Aim 1. We will measure DNA methylation and 
chromatin at a genome-wide level in biological 
samples obtained from the space traveler at 
quarterly intervals, pre- and post-flight, and at times 
of unexpected exposures such as radiation events, or 
spacecraft environmental contamination. We also 
obtain measurements of the ground-based twin. 
Aim 2. We will integrate epigenomic data with 
exposure to spaceflight conditions, looking for 
exposure-linked changes, and by comparison to the 
ground-based twin, determine whether these are 
transient or long-lived effects. We will also determine 
whether DNA mutations arise secondarily to these 
epigenetic changes.  
Implications of the Research for Space & Earth 
Space: Identify reversible causes of 
genomic damage in space, e.g. radiation or 
toxin induced epigenomics change; quantify 
aging and genomic exposure. 
Earth: First human study of the epigenome 
over time in a defined/controlled 
environment. 
Andrew Feinberg, 
M.D., M.P.H., and 
Jason Feinberg 
• DNA methylation 
• Histone modifications (>200 known) 
• Chromatin factor complexes 
• Chromatin structure 
23 April 2015 
Landscape of DNA and RNA Methylation 
Specific Aims: DNA to RNA  
 
 
 
#1 – Genome-wide epigenetic profiles 
of DNA methylation changes 
#2 – A comprehensive catalog of coding 
and noncoding, small and large RNA 
#3 – Transcriptome-wide maps of RNA 
methylation sites 
Implications of the Research for Space & Earth 
Space: (1) Establish the genetic networks 
and expression patterns activated by space 
travel, (2) trace clonality of epigenetic 
changes, (3) examine the methylation of 
RNA  
Christopher 
 Mason, Ph.D. 
 
 
 
 
 
 
 
Francine Garrett-
Bakelman,  
M.D. Ph.D. 
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RNA-seq	gives	many		
views	of	biology.	
We	use	r-make.	
Li	S,	Nature	Biotechnology,	2014.		
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D in Transcriptome : Genes, Isoform, Edits, 
Allele, SNVs, ncRNAs, Fusions, & Methylation 
Earth: Aid research on aging, cancer, RNA 
biology, and circadian rhythm, all of which 
show differences at the (epi)genome & 
(epi)transcriptome 38 
Metabolomic and Genomic Markers                                                                    
of Atherosclerosis in Twin Astronauts 
Pre- and Post-flight Testing 
Specific Aims 
• To study the effects of long-duration 
spaceflight on the cardiovascular 
system independent of genotype 
• To investigate relationships between 
gene expression, metabolomic 
profiles, biomarkers in blood and 
urine, and arterial structure and 
function using the space-flown and the 
ground-based identical twin  
Implications of the Research for Space & Earth 
Earth: Develop novel insights of how 
longitudinal changes in genomic and 
metabolomic profiles are related to risk 
factors for atherosclerosis  
Inflight Operations 
Space: Determine if the spaceflight 
environment perturbs genomic and 
metabolomic profiles and accelerates 
development of atherosclerosis 
(occupational health) 
Stuart Lee 
39 
Immunome Studies in Space 
Specific Aims 
• Study how long term space travel affects 
the immune system 
• We will study how parameters of the 
immune system change at baseline and 
after a seasonal  flu vaccination 
• To do so, we study baseline and post flu 
parameters before, during and after a 
one year space flight  
Implications of the Research for Space & Earth 
Space: 
Will ensure that astronauts keep a healthy 
immune system during long  duration flight, and 
stay protected against infections from earth when 
visitors are coming. 
 
 
 
 
Earth: 
Understand how immune response to vaccination 
differs in twins 
 
Emmanuel  
Mignot, M.D., Ph.D. 
 
 
 
 
 
Stanford University 
Changes in T cell receptors 
clones after vaccination 
Cytokine production 
changes in flu reactive T 
cells following vaccination  
40 
The Bacteriome in the Gastrointestinal Tract 
Specific Aims  
The GI tract of humans is populated by a diverse 
“ecosystem” of micro organisms, mostly bacteria: the 
bacteriome. The bacteriome can help--  contributing 
to digestion and  immune system function--  or harm-
- overgrowth of some types accompanies illness or 
stress. 
This project will examine what changes occur to the 
bacterial populations over a year in space, that are 
different from the changes over time on Earth.  Are 
particular types of bacteria susceptible to the space 
environment, and if so, which types?   
Implications of the Research for Space & Earth 
Space:  Knowing how the bacteriome changes over 
time in space can help us make plans to protect 
astronauts’ health for longer-term space flights.  For 
example, adjustments to diet could help maintain 
beneficial bacterial types. 
Earth:  Observing how the bacteriome changes in 
relation to health and environmental changes, (such as 
those studied in other Twin Projects) can provide insights 
into how the bacteriome may respond to challenges and 
contribute to the human host’s health. 
Fred Turek,  
Ph.D. 
Relative abundance of different families of  
bacteria. Will there be systematic changes in  
the twin in space not seen in the twin on Earth? 
Swab 
stool 
sample 
Extract 
DNA 
Make 
copies of 
bacterial 
gene 
Sequence 
the copies 
Identify 
the 
bacteria 
from the 
sequence 
#1          #2           #3          #4 
         Sample Number 
Classify bacteria from each sample 
Biochemical Profile: Homozygous Twin                                    
Control For A 12 Month Space Flight Exposure 
Specific Aims 
To provide a database of biochemical analyses 
from blood and urine samples. The analyses 
reflect a broad set of nutritional and 
physiological variables that may be altered as 
a result of the space flight environment 
(including diet, stress, weightlessness). 
Collecting data on the Ground twin will allow 
for a more direct comparison of the effects of 
space flight on human biochemistry and 
physiology. 
Implications of the Research for Space & Earth 
Space: 
Improve understanding and time course of 
biochemical changes during flight and how 
the changes relate to diet during flight. 
Earth: 
Improve understanding of how diet can 
impact different biological systems. 
Blood and urine collections 
Preflight: 
L-180, L-45, L-10 
In-flight: 
FD15, 30, 60, 120, 180, 240, 300, 360 
Post flight: 
R+0, R+30 
Scott M. 
Smith, Ph.D. 
42 
Proteomic Assessment of Fluid Shifts and Association with                          
Visual Impairments and Intracranial Pressure in Twin Astronauts 
Pre- and Post-flight Testing 
Specific Aims  
To explore proteomic and genomic 
biomarkers underlying space flight-
induced fluid shifts and visual impairment 
& intracranial pressure (VIIP) symptoms. 
Implications of the Research for Space & Earth 
Space: Discovery of molecular pathways involved 
in the evolution of spaceflight adaptations related 
to fluid redistribution in-flight and the etiology of 
visual acuity and ocular changes in-fight and post-
flight. 
Earth: This project has broader impact on Earth-
based clinical areas such as traumatic brain injury-
induced elevations of intracranial pressure, 
hydrocephalus, and glaucoma 
In-flight Operations 
Blood Plasma collection 
Ultrasound measures   
    of fluid shifts 
Intracranial Pressure  
Intraocular Pressure 
Ocular Structure 
Blood Pressure 
Heart Rate 
Vascular Resistance 
All in-flight operations  
  and: 
Tissue hydration 
MRI 
The proteome is the set of proteins produced by 
the genome at a given time. Proteomics captures 
the state of molecular and cellular processes at a 
specific time point. 
Blood Plasma  
proteins 
Brinda Rana, PhD 
Mike Stenger, PhD 
Vivian Hook, PhD 
Cognitive Performance in Spaceflight 
Specific Aims  
 
 
 
 
 
 
 
 
  
Implications of the Research for Space & Earth 
Space: 
 
 
 
 
 
Earth: 
 
 
 
Mathias Basner, 
M.D., Ph.D. 
There are a number of environmental stressors unique to the 
spaceflight environment that may affect cognitive 
performance, which is crucial for mission success. Our main 
objective in the TWINS study is to investigate whether 
cognitive performance is affected by initial and prolonged 
exposure to the spaceflight environment and after return to 
Earth. We will use the Cognition test battery, which consists 
of 10 brief neuropsychological tests that were specifically 
designed for high performing astronauts. We will compare 
data within subjects, between twins, relative to astronauts 
flying 6-month missions, and relative to normative data 
gathered in astronauts on the ground. The cognitive data will 
be correlated with markers derived from biological samples 
taken before, during, and after the 12-month mission. 
    The results have direct implication for 
other high performing populations exposed to stressful 
environments for prolonged periods of time on Earth. 
   Exploration-type missions will require 
humans to spend unprecedented durations in space, yet 
our knowledge on the effects of prolonged exposure to 
the spaceflight environment is very limited. After the 
study, we will have an initial understanding of whether 
and to what extend prolonged ISS missions are associated 
with changes in cognitive performance, and how these 
relate to biologic markers. 
The Cognition Test Battery 
Ruben C. Gur, 
Ph.D. 
Cognition was specifically designed for astronauts and is currently 
used during 6-month ISS missions and in multiple space analog 
environments (including Antarctica, HI-SEAS, and HERA). 
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The “Twins” Study Will Enable                      
Phenotype – Genotype Associations 1 
http://www.thedp.com/article/2014/03/researchers-and-nasa-study-kelly-astronaut-twins 
Additional Resources – NASA TV 
https://www.youtube.com/watch?v=bc13InB3hmc 
1 
Additional Resources:  
NASA’s A Lab Aloft – Blog Published Entitled 
“Twins Double the Data for Space Station Research – Parts One and Two”   
  
http://blogs.nasa.gov/ISS_Science_Blog/ 
The term “Astro-Omics” describes experimental and 
computational activities focused on the detailed characterization 
and quantification of  biomolecules such as DNA, RNA, proteins, 
metabolites (etc.), that are extracted from biofluids or tissues 
derived from organisms before, during, and after spaceflight.  
 
When fully integrated, these omic datasets can powerfully inform 
the understanding of unique phenotypic or personal responses to 
the space environment at a fundamental biomolecular level. 
A New Omics for Space:  
“Astro-Omics” 
